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A B S T R A C T   

PFOA and PFOS are widely found PFAS components in Dutch topsoils. PFOA was emitted to the atmosphere 
during 1970-2012 from a fluoropolymers factory, and was deposited mainly within a radius of 50 km. For the 
first time, detailed concentration-depth profiles of PFOA and PFOS were measured in undisturbed soils down
wind of the factory. Three locations were selected with about 3 meters of sand soil and free infiltration of rain. An 
adjacent peat soil was selected for comparison. In the sand soils, concentration-depth profiles of PFOA showed a 
distinct bell-shaped pattern with the highest contents at 0.2-0.5 m below surface, and lower contents both at the 
surface and at further depth (up to 3.5 m below surface). This observation indicates that the highest atmospheric 
deposition has passed, and that PFOA gradually migrates towards groundwater. Concentrations of PFOS are 
highest near the surface and reach the detection limit at 1 m below surface, suggesting that its downward 
migration occurs much slower. HYDRUS was used to model PFAS transport in the vadose zone assuming steady- 
state infiltration. The PFOA depth profiles in the sand soils can be described assuming plausible historic, at
mospheric emission of PFOA from the factory and Koc values within the literature range. However, the retention 
observed must be attributed to linear partitioning between water and both soil organic matter and the air-water 
interface. Somewhat stronger retention holds for PFOS, but PFOS cannot originate from the factory in the extent 
found. An alternative explanation is historic, rather parallel emissions from nearby sources such as waste in
cinerators. Based on measurements and modelling, this study illustrates that PFOA, and to a lesser extent PFOS, 
should not be treated as immobile contaminants in topsoil as is currently the case in Dutch soil policy, but rather 
as mobile contaminants of which the legacy amounts in soil will pollute groundwater for many decades.   

Introduction 

Poly- and perfluoro-alkyl substances (PFAS) are chemicals that have 
unique surface-active properties. They are both water and oil repellent 
and are highly resistant to heat and acids. These properties explain their 
widespread use in the industry and in consumer products (Glüge et al., 
2020; Cordner et al., 2021). Since 2000, they have come under 
increasing environmental attention because these substances are 
persistent, bioaccumulative and toxic (Buck et al., 2011). PFAS 
contamination of soil, surface water and groundwater is widespread (e. 
g. Zareitalabad al. 2013, Joerss et al. 2019, Li et al. 2020, Ma et al. 

2022). PFAS are a potential threat for drinking water (e.g. Eschauzier 
et al. 2013, Zafeiraki et al. 2015, Herrick et al. 2017) and a risk with 
respect to bio-accumulation and food quality (Ghisi et al., 2019; Schulz 
et al., 2020; Wang et al., 2020). 

The past few years, awareness has further grown of the possibly 
negative health effects of (long-term) exposure to PFAS. Four EU 
countries from Northern Europe asked the European Commission to 
formulate actions to reduce emissions of PFAS to the environment (CEU, 
2019a) after an earlier call by the European Council on the European 
Commission to develop an action plan to eliminate all non-essential uses 
of PFAS (CEU, 2019b). More recently, the European Food Safety 
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Authority (EFSA) recommended a lowering of the standard for tolerable 
weekly intake via food (EFSA, 2020). This also necessitated the Dutch 
National Institute for Public Health and Environment (RIVM) to 
recommend a lower limit for drinking water as the human intake of 
PFAS is largely determined by drinking water use and food consumption 
(RIVM, 2021). Not only insight in the presence of PFAS in the envi
ronment is thus important but also in their behaviour in order to un
derstand their fate and the environmental and health risks both at 
present and in the future. 

PFAS are composed of a fluorinated carbon chain with a functional 
group, and usually well soluble in water. Their environmental behaviour 
may be complex as they show both hydrophylic and hydrophobic 
properties. Basically, they show partitioning behaviour between water 
and organic matter due to their hydrophobic properties, ion exchange 
behaviour as dissociated acid to oppositely (and pH-dependent) charged 
sites of the soil matrix and electrostatic interaction due to the high 
electronegativity of the fluorine atom (Du et al., 2014; Zhang et al., 
2019). These interaction processes also imply that they not only sorb to 
organic matter but also to minerals especially oxides and clay minerals 
(Zhang et al., 2019). Their properties as surfactant imply that they may 
show air-water interfacial adsorption as additional retention mechanism 
in unsaturated soils (Guo et al., 2020; Silva et al., 2020). They also show 
lipophobic behaviour which makes them both water and fat repellent. 
Additionally, the presence of organic immiscible liquids (NAPLs) further 
complicates the fate of PFAS in the environment as they may accumulate 
at the water-NAPL interface and partition to NAPLs (Brusseau, 2018). 

The recognition of widespread contamination of soil and ground
water with PFAS also induces a need how to consider PFAS contami
nation from a legislative perspective. This especially holds for the 
Netherlands being a heavily industrialised and densely populated 
country, where soil and groundwater are also strongly impacted by 
anthropogenic contamination. In recent years, awareness has grown that 
there is considerable diffuse contamination of especially PFOA and PFOS 
across the Netherlands in addition to local, point-source contamination 
at sites where, for example, fire drills were executed. Diffuse contami
nation is in the southwestern part of the Netherlands strongly attributed 
to the atmospheric emission of PFAS from a factory in Dordrecht 
(Western Netherlands; RIVM, 2020; Brandsma et al., 2019; Gebbink and 
Van Leeuwen, 2020). The factory used PFOA for the production of, 
among other, Teflon® and Viton® between 1970 and 2012 (Koch et al., 
2017; Zeilmaker et al., 2016), after which PFOA was replaced by GenX, a 
substitute chemical with similar properties and behaviour. PFOA has 
also been released from the factory in surface waters as effluent 
(Rijkswaterstaat 2017a; Expertisecentrum PFAS, 2018b). The most se
vere topsoil contamination with PFOA has been found within a 50 km 
radius of the factory in Dordrecht (RIVM, 2020). 

The earlier awareness of widespread soil contamination with both 
PFOA and PFOS had set the need for national background values, in 
addition to a value that reflects zero or negligible contamination. For the 
latter, a generic value of 0.1 µg/kg is used in the Netherlands. The 
background values are established to prevent the further spreading of 
PFAS-contaminated soil, and reflect the contamination level of PFAS 
that can be assumed to be already present in the soil throughout the 
Netherlands (RIVM, 2020). If the PFAS concentration in a soil is lower 
than the background value, that soil may be moved elsewhere according 
to rules of the Soil Quality Decree (e.g., for application in infrastructural 
works). In July 2020, the compound-specific background values were 
set to 1.9 and 1.4 µg/kg for PFOA and PFOS, respectively (note the ratio 
of 1.4 for later), for the Netherlands as based on systematic, national 
monitoring (RIVM, 2020). Elevated levels in the 50 km zone around the 
factory were excluded when deriving the background levels. 

It is unknown how PFOA, originating from the factory and trans
ported through the atmosphere, behaves in soil, as governed by the 
historical PFOA atmospheric deposition, rainfall, and hydrological and 
chemical soil properties. It is also unknown how PFOS compares to 
PFOA, where the first was not processed at the factory but is found to be 

omnipresent in Dutch soils, and hence must originate from other diffuse 
sources such as waste incinerators (Expertisecentrum PFAS, 2017, 
2018a). Such insights are needed to evaluate how soil and groundwater 
contamination relate to each other (Newell et al., 2021). 

This research aims to understand PFOA and PFOS contamination in 
soils, as a result of decades of atmospheric deposition in the vicinity of a 
fluoropolymers factory. We investigate the extent to which these sub
stances have migrated towards larger depth, and whether a content- 
depth pattern is observed that can be related to estimates of the his
toric emission from the factory. To this end, detailed content-depth 
profiles of PFOA and PFOS were collected in undisturbed soil profiles 
and interpreted with a 1D reactive transport model, with the purpose to 
explain observed content profiles as a function of soil properties, sub
stance properties, and historic atmospheric deposition. 

Materials and methods 

Historic PFOA and PFOS emissions 

The fluoropolymers factory (51◦49′3.37"N, 4◦43′42.18"E) is located 
in the harbour area of the city of Dordrecht, The Netherlands. The 
production of Teflon® and other fluoropolymers containing products 
started at the factory in 1970. According to Zeilmaker et al. (2016) PFOA 
was used as dispersant in the polymer preparation of Teflon®, FEP and 
Viton® until 2012 after which GenX was used for this purpose. During 
production, PFOA is released as a gas during a drying process. The 
gaseous PFOA coagulates upon release and forms aerosols of which 10% 
is of the size 1-2.5 μm and 90% is 0-1 μm. Based on information from 
permits and from the factory itself, estimates for the PFOA emissions to 
the atmosphere are between 1600 and 6800 kg y− 1 (1985-2002), fol
lowed by lower emissions of 100-500 kg y − 1 (2003-2012, Zeilmaker 
et al., 2016; Koch et al., 2017; see also Table 1). 

PFOA containing waste water was also directly discharged into the 
river until to 2000. Since 2000, the waste water from the production 
process has discharged to a municipal waste water treatment installation 
(MWWT) with some other waste waters from the factory but incidental 
discharges directly to the river did occur. In 2017, the mixed influent 
from the factory plant to the MWWT contained 1000s ng PFOA/L and 
irregular concentrations of PFOS from mostly below detection limit up 
to 1500 ng/L (Rijkswaterstaat, 2017a). The effluent of the MWWT 
contained 100s ng PFOA/L and 10-20 ng PFOS/L. Additional waste 
water streams that discharge directly to the river are also present among 
which one from the groundwater treatment facility associated with the 
on-going groundwater remediation project at the factory plant (Rijks
waterstaat, 2017a). The effluent of this facility contained in 2017 1000s 
ng PFOA/L and 10s ng PFOS/L. The other waste water streams contain 
up to 100s ng PFOA/L and up to 10s ng PFOS/L. Outside GenX, five out 
of 11 other PFAS compounds were frequently detected in the waste 
waters at levels slightly higher than PFOS, four at intermediate to low 
level and 2 were not detected at all. All these data illustrate that the 
concentration levels of PFOA at the factory plant are considerably higher 
than those of PFOS and other PFAS compounds. This is also supposed to 

Table 1 
Overview of sampling locations (coordinates known to the authors and available 
on request) and the samples taken for laboratory analysis.  

Code Location Number of 
samples 

Sampling depths (cm-bs) 

Sand 
1 

Schoonenburgsche Heuvel 12 10, 20, 30, 40, 50, 60, 70, 
100, 150, 220, 300, 350 

Peat At the foot of 
Schoonenburgsche Heuvel 

8 10, 30, 50, 70, 90, 110, 
130, 140 

Sand 
2 

De Donk 8 10, 20, 40, 60, 80, 120, 
200, 300 

Sand 
3 

Hoornaar 12 5, 10, 20, 30, 40 50, 60, 
70, 100, 150, 200, 250.  
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be the situation before 2017. It points out that PFOA is the PFAS com
pound associated with the factory that is of most environmental concern 
(outside GenX; Brandsma et al., 2019; Gebbink and Van Leeuwen, 
2020). 

Sampling locations 

Two earlier monitoring campaigns investigated the PFAS contami
nation status within 20 km from the factory (Expertisecentrum PFAS, 
2017; 2018a). 33 sites were sampled that were supposed to be undis
turbed in the past 20 years and not suspected of local PFAS contami
nation. The results indicate that the median PFOA content was 5.1 and 
5.0 µg/kg soil for a soil layer of 0-20 and 20-50 cm below surface 
(henceforth referred to as cm-bs), respectively. The median PFOS con
tent was 0.76 and 0.20 µg/kg for a soil layer of 0-20 and 20-50 cm-bs, 
respectively. Eight other PFAS compounds were also regularly detec
ted but less frequent and at levels lower than PFOA and PFOS; 11 other 
PFAS compounds were not detected at all. 

For the soil sampling in the present study, a series of requirements 
was formulated in order to couple the depth profiles of PFOA with the 
deposition history and associated emission history from the factory: 1. in 
predominantly N-NE direction from the factory considering that the 
wind direction is almost 50% of the time West to South in the Western 
Netherlands, 2. vertical infiltration of precipitation and absence of 
seepage, 3. homogeneous soil, either sand or peat, 4. not disturbed, i.e., 
no tillage in the past 50 years and 5. rural area so other sources of PFAS 
do not play a role. Based on these criteria, inland dunes that are present 
in the riverine part of the Central Netherlands were the preferred loca
tions. These dunes are composed of aeolian sand and occur as local 
outcrops in the flat polder landscape of the Central and Western 
Netherlands. They have an altitude several meters above their sur
roundings, which causes the groundwater level to be relatively deep and 
infiltration of rain water is typically vertical. They are called ‘donk’ in 
Dutch so the name of one of the sampling sites directly refers to the 
geomorphological feature. Three sites with sand soils were identified 
using Google Earth, digital elevation data, historical topographic maps 
and geological data (Fig. 1). A fourth site with peat soil (referred to as 
Peat) and adjacent to one of the sandy sites was also selected. This 

served to intercompare the total amount of deposited PFAS where the 
peat soil was assumed to have a high sorption capacity and the sand soils 
a low one. An exploratory visit was made to the locations to ask for 
permission as all locations are on private land and to check the 
conditions. 

Field sampling procedure 

Precautions were taken to prevent possible sample contamination, 
largely following a national guideline on sampling PFAS contaminated 
soil (Expertisecentrum PFAS, 2020). Polyethylene sample containers 
that were pre-cleaned with methanol were used for collection of the soil 
samples, and any possible fluoropolymer- bearing equipment such as 
specific clothing was avoided. 

An Edelman hand auger (Ø 7 cm) was used for drilling. Samples were 
taken with a stainless steel apple corer (pre-cleaned with methanol), and 
stored in 50 ml polyethylene sample jars. Soil samples of about 20 g each 
were collected from soil material drilled from every depth interval 
(Table 1). Sampling started at the deepest interval, to exclude any pos
sibility of sample contamination of clean soil by presumably more 
contaminated shallow soil material. In parallel, soil samples were taken 
for thermogravimetric (TGA), CS-elemental and grain size analysis. At 
the three sand soils, the upper 100 cm were sampled with a higher 
resolution (every 10-20 cm) followed by a lower resolution (every 50- 
100 cm) down to 250-350 cm-bs. These depths were above the 
groundwater table, as found during the field work in October. This was 
done because exact groundwater levels and their temporal fluctuations 
were unknown and most variation in PFAS content was expected in the 
upper 100 cm. At the Peat location, samples were taken at regular in
tervals of 20 cm down to a depth of 140 cm which was below the 
groundwater table (50 cm-bs). 

Sample pre-treatment and chemical analysis of PFOS and PFOA 

The soil samples were analysed for the content of 18 PFAS substances 
among which PFOA and PFOS (see Supporting Information). Sample 
pretreatment and analysis followed the in-house protocol for PFAS 
analysis in soil samples. All laboratory equipment, tubing and 

Fig. 1. Topographic map presenting the sampling sites and the location of the fluoropolymers factory.  

T. Gerardu et al.                                                                                                                                                                                                                                



Environmental Advances 11 (2023) 100332

4

disposables were fluoropolymer-free and tested for suitability for PFAS 
analysis. Parts of the LC-MSMS (Agilent) were replaced according to 
Application Note 5991-7863EN (Agilent Technologies, 2017), see Sup
porting Information. Glassware was avoided in order to prevent PFAS 
losses due to adsorption (Expertisecentrum PFAS, 2020 – see also 
below). Polypropylene (PP) or polyethylene (PE) vials, bottles, centri
fuge tubes, tubing of the LC-MSMS were flushed with methanol before 
sample pre-treatment and analysis. 

Before further processing, the field-moist soil samples were spiked 
with an internal standard consisting of certified mass-labeled per
fluoroalkylcarboxylic acids and perfluoroalkylsulfonates (Wellington 
MPFAC-MXA). Next, the samples were dried for 48 h at 105◦C, after 
which 2 grams was transferred to 15 ml pre-cleaned PP vials. First an 
extraction with 6 ml 2% formic acid in MilliQ was performed and sub
sequently twice an extraction with 2 ml methanol/milliQ (in 1:1 ratio) in 
order to extract as much PFAS molecules as possible. The extracts were 
applied on a conditioned SPE column (Waters Oasis WAX 3cc, 60 mg; 
conditioning: 2 ml 1% ammonia in methanol; 2 ml methanol; 2 ml 2% 
formic acid in MilliQ water) to concentrate the PFAS molecules on the 
sorption medium. The vials were additionally washed twice with 1.5 ml 
milliQ and once with 1.5 ml methanol, which were subsequently 
transferred to the SPE column. After this, the SPE columns were dried for 
15 min at the maximum obtainable vacuum. Next, the columns were 
eluted in steps of 1 ml to a total of 3 ml of 1% ammonia in methanol and 
the elution was dried under nitrogen gas flow at c. 40◦C. Finally, a 1:1 
mixture of methanol and MilliQ was added to the dried extract in the vial 
to dissolve all the concentrated extract which was then inserted in 0.3 ml 
insert vials that were subsequently analysed with LC-MS (Agilent 
Technologies). 

The amounts of PFAS in the samples were quantified based on the 
measured signal, the calibration lines and the recoveries of the mass- 
labeled substances in the soil samples. More details are provided in 
the Supporting Information on the analytical method, instrument set
tings and performance (recoveries, reproducibility and uncertainties) 
according to NEN 7779 (NEN - Netherlands Committee for Standardi
zation, 2018) based on the mass-labeled substances. LOD and LOQ for 
PFOA and PFOS of this method were established at 0.1 and 0.3 µg/kg dry 
soil, respectively. Repeatability was checked for two samples in 
quadruple (Sand 1, 100 cm-bs; Sand 2, 120 cm-bs) for which the average 
and standard deviation of PFOA were 0.36 ± 0.09 and 0.93 ± 0.32 
µg/kg, respectively. No PFAS was detectable in blanks that followed the 
full pre-treatment and analysis procedure. Additional indications that 
systematic sample contamination is unlikely is the observation that the 
deepest soil samples contained the lowest contents of PFOS and PFOA, of 
which PFOS was below detection limit at all locations, and PFOA below 
detection limit in the peat soil at 140 cm-bs. Recent work by Lath et al. 
(2019) and Zenobio et al. (2022) indicate that PFAS may adsorb to PP or 
PE material to a higher extent than to glassware, potentially leading to 
lower recoveries. As analytical results were corrected with recoveries of 
mass-labeled PFAS substances that followed the full method of 
pre-treatment and analysis and recoveries varied to a limited extent per 
compound, we do not expect the use of PE/PP to have significantly 
biased our results. 

Determination of bulk soil parameters 

Soil organic matter content was determined by both thermographic 
analysis (TGA) as organic matter (OM) and by CS elemental analyser as 
organic carbon (OC). Most soil samples are non-calcareous and a few 
low in Ca carbonate so we preferred not to remove carbonates prior to 
CS elemental analysis as this may also disturb the OC content to some 
extent. The combined results were used to calculate the sorption 
parameter Kd from Koc (see later). OM is related to OC by a conversion 
factor, which was determined for the data set from a linear trend line. 

During TGA analysis, the temperature increased gradually from 25◦C 
to 1000◦C over a pre-set time. Samples were first heated from 25◦C to 

105◦C to evaporate all residual moisture from the initial soil sample 
after which the temperature stabilized for 3.5 h. Then the temperature 
was linearly increased from 105◦C to 1000◦C for 15 (± 1) h. In TGA, the 
weight losses between certain temperature intervals can be assigned to 
the loss of a certain soil compound, such as organic matter. The range 
110-450◦C is the typical temperature range where organic matter gets 
oxidised and lost. The mass loss in the range 450-550◦C may be attrib
uted to more recalcitrant soil organic matter, ferrous carbonate or 
dehydration of clay minerals (Roskam et al., 2008). Calcium carbonate 
starts to decompose above 600◦C up to about 800◦C (Kasozi et al., 2009; 
Roskam et al., 2008). The range 550-700◦C may also be governed by 
mass loss from montmorillonite and pyrite. The Leco SC-632 was used 
for CS elemental analysis, which has a detection limit of 0.1% for carbon 
and 0.039% for sulphur. The measuring accuracy is 0.039% for carbon 
and 0.013% for sulphur. The results regarding the sulphur analysis did 
not have to be used. 

Grain size distribution was determined using a Malvern Mastersizer. 
The samples were inserted in the instrument in a compartment of 
demineralised water. The analyses were used to determine texture 
classes based on the U.S. Department of Agronomy classification system 
(e.g. USDA 1987). 

Reactive transport modelling approach 

The model code HYDRUS (Šimůnek et al., 2008) was used to model 
reactive transport of PFAS in the unsaturated (or saturated) zone 
(version 4.17.0140). The four locations were assumed to have been 
exposed to PFAS deposition between 1970 and 2012 (assumed deposi
tion rates see below), the models runs proceeded until at least 2020. The 
modelled content-depth profiles for 2020 were compared with the field 
data as collected in October 2020. The next paragraphs describe the 
parametrisation and pre-processing steps in detail. 

The input parameters and parameterization for the soil properties are 
listed in Table 2. ‘Default’ reflects the standard parameter set in HYD
RUS for soil texture classes and is based on Van Genuchten (1980), 
Carsel and Parrish (1988) and Schaap et al. (2001). The depth of the soil 
profiles was taken as the distance from surface to the water table at each 
location. The values for Ks, ρ, Kd were based on the results of the soil 
analyses. The bulk density (ρ) was derived from the texture class (De 
Vries, 1999) that was determined using the d50 value (grain size anal
ysis). The Ks was set to 700 cm/d and based on Carsel and Parrish (1988) 
for medium sized sand. 

In the absence of non-aqueous phase liquids, retention of PFAS in the 
unsaturated zone has been attributed to sorption to organic matter, clay 

Table 2 
Model parameters employed and parameterization. Length units are abbreviated 
as L, time as T, mass as M and volume as V.  

Parameter Symbol Unit Source 

Depth of soil profile - L Borehole data 
Residual soil water content θr Fraction Default 
Saturated soil water content θs Fraction Literature 
Parameter a in the soil water retention 

function 
- L Default 

Parameter n in the soil water retention 
function 

- - Default 

Saturated hydraulic conductivity Ks L/T Literature 
Tortuosity parameter in the 

conductivity function 
Τ - Default 

Bulk density ρ M/V Analysis +
Literature 

Dispersion Coefficient DL L Default 
Fraction of adsorption - Fraction Default 
Molecular diffusion coefficient in free 

water 
Dw L2/T Literature 

Adsorption coefficient Kd L3/M Analysis +
Literature 

Solute concentration of inflowing water - M/V PFAS profiles  
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and silt, and oxides of in particular Fe as well as adsorption at the air- 
water interface (AWI). Sorption to these solids may be described with 
linear, Langmuir, Freundlich or other isotherms where the control by 
non-linear sorption increases with increasing maximum concentration 
considered and the sorption to the individual constituents has been 
assumed as additive (Milinovic et al., 2015; Nguyen et al., 2020; Zhou 
et al., 2021; Zeng and Guo, 2021). Adsorption at the AWI has been 
modelled as a Langmuir isotherm (e.g. Silva et al. 2020): 

ΓPFAS = ΓPFAS
max

KPFAS
ai .cPFAS

1 + KPFAS
ai .cPFAS (1) 

Where PFAS refers to a specific PFAS compound, ΓPFAS is the adsor
bed amount of that compound, ΓPFAS

max is the associated maximum sorption 
capacity, cPFAS is the aqueous concentration and KPFAS

ai is the partitioning 
coefficient between the AIW and water. 

Based on earlier investigation, we expect PFOA and PFOS contents 
up to 1-10 µg/kg (Expertisecentrum PFAS, 2017, 2018a). The associated 
pore water concentrations will be up to several hundreds ng/L (which is 
up to ~ 1 nmol/L). This is far below the solubilities of PFOA and PFOS in 
water being 9500 mg/L and 680 mg/L, respectively (EPA, 2017). The 
values for ΓPFOA

max and ΓPFOS
max are 4.5 × 10− 6 and 5.1 × 10− 6 mol/m2, 

respectively, and those for KPFOA
ai and KPFOS

ai are 360 and 1970 L/mol, 
respectively (Vecitis et al., 2008). This means for PFOA or PFOS con
centrations up to ~ 1 nmol/L that adsorption to the AWI is linear as the 
occupancy of the interface is far from saturated. It also means that the 
concentrations are too low: 1. to initiate surface tension reduction that 
causes changes in capillary pressure gradients and 2. to induce inter
molecular interactions at the air-water interface between PFOA and 
PFOS (and other PFAS that may be present). Silva et al. (2020) indicated 
that solution concentrations in excess of 10 mg/L are generally needed 
before the effects of surface tension on unsaturated flow would be 
noticeably contributive. Concentrations above 1 mg/L are needed to 
make intermolecular interactions at the AWI become relevant (Silva 
et al., 2021). Thus, the presence of PFAS will not influence the soil 
physical conditions. 

Taking into account the low concentrations expected, we assumed 
that all potential retention processes may be modelled as linear sorption 
and additive (Milinovic et al., 2015; Nguyen et al., 2020; Silva et al., 
2020; Zhou et al., 2021; Zeng and Guo, 2021). For reference, we based 
the estimate of the sorption coefficient on the common equation for 
partitioning to soil organic matter: 

S = Kd.C (2)  

and 

Kd = KOC⋅foc (3)  

where Kd is the sorption coefficient [L/kg], Koc is the normalised organic 
carbon to water partition coefficient [L/kg] as collected from literature 
(Table 3), foc is the organic carbon content as fraction of the sample [goc/ 
gdry soil], S is the sorbed content [ng/kg wet soil] and C is the pore water 
concentration [ng/L]. The values for foc were based on the TGA and CS 
elemental analyser results. First, OC and OM data from all samples were 
plotted in a single graph to check on mutual consistency and outliers. 
Next, the slope of the regression line between OC and OM was used to 
determine foc from the OM contents determined by TGA for all samples. 
Based on OC and OM analyses, the number of soil layers was specified 

per profile. 
The single porosity ‘van Genuchten-Mualem’ model was selected for 

water flow conditions with no hysteresis. Hysteresis was assumed 
irrelevant as we considered average annual rain water recharge for 
several decades. The upper model boundary condition was an atmo
spheric boundary layer that allowed ponding with a depth of 2 cm. The 
lower boundary condition was a constant head (constant water table), 
implying continuous unsaturated conditions for the entire profiles and 
neglecting seasonal or multi-year groundwater table fluctuations. In 
reality, the groundwater table was below the end of the boreholes at the 
time of drilling for the sand profiles. The default time- and space 
weighing scheme were selected: Crank-Nicholson and Galerkin Finite 
Elements, respectively. Tortuosity was selected with the default Mill
ington and Quirk module. Model calculations were made for PFOA and 
PFOS where equilibrium sorption was assumed. As Kd was not known for 
the soils at hand and Koc varies for PFOA and PFOS according to liter
ature, four model runs were performed: run 1 with low Koc values for 
PFOA and PFOS as obtained from literature, run 2 with intermediate 
values, run 3 with high values and run 4 with adjusted values for the best 
fit. The log Koc employed (Table 3) was based on mean values plus or 
minus one standard deviation as presented in an extensive study by 
Nguyen et al. (2020). The four different depth profiles were compared to 
the measured profiles per PFAS compound. 

Daily precipitation/evaporation data were obtained from the climate 
database of the Dutch Royal Netherlands Meteorological Institute 
(KNMI) for the weather station at Cabauw which is within 8-15 km from 
the drilling locations. The variables used were 24 h sum of precipitation 
(in 0.1 mm) and reference crop evaporation (Makkink) (in 0.1 mm). 
Cabauw’s data log starts from 1986 until now whereas input data was 
needed from 1970 onwards. Thus, the most average year, 1988 with 725 
mm precipitation and 525 mm evaporation, was chosen and repeated 16 
times to fill in the data gap of 1970-1986. Preliminary model runs 
indicated that daily or yearly precipitation data did not influence the 
model results; hence, yearly data was used as the model runs were much 
faster. All four locations had the same meteorological dataset for pre
cipitation and evaporation. 

The upper boundary condition in the model was a concentration flux 
boundary, which corresponds to a variable input concentration of PFAS 
in the inflowing precipitation, and the lower boundary was set as zero 
concentration gradient, which allows free drainage of PFAS away from 
the profile. For the first boundary condition, the PFAS concentration in 
the precipitation was determined based on the assumption that the total 
deposition of PFOA and PFOS on each location is the same as the total 
amount present in the depth profile. In other words, all PFAS deposited 
is contained in the soil profile sampled. Volatilisation of PFAS from the 
soil is thus assumed negligible which seems justified as PFAS generally 
have a low volatility and their dissociation in water causes their affinity 
with the water phase to be stronger than with air (Wang et al., 2011). 
Together, this makes PFOA and PFOS less volatile than expected based 
on their physical properties alone (Prevedouros et al., 2006). The 
depth-integrated PFOA and PFOS contents were calculated from the 
profiles. The yearly precipitation concentrations of PFOA (in ng/cm3 

water) were proportionally matched to estimates of the yearly atmo
spheric emission of PFOA (Table 4), while the total precipitated amounts 
matched the depth- integrated PFOA and PFOS contents at each loca
tion. It was assumed that the atmospheric emission and deposition of 
PFOS parallels that of PFOA, in the absence of known characteristics of 
diffuse PFOS sources. Recent analyses of two rain water samples indicate 
PFOS concentration below detection limit of 1 ng/L and PFOA concen
tration of 6.6 ng/L at Lelystad (~ 110 km away in most prominent 
downwind direction) and below detection limit of 1 ng/L at Krommenie 
(~ 90 km away in near-equal direction; Rijkswaterstaat, 2020). This 
confirms there is a negligible background concentration in Dutch rain, 
justifying that no atmospheric deposition of PFOS and PFOA takes place 
after 2012. 

The model produces a variety of output files where the following 

Table 3 
Log Koc values employed in the model runs for PFOA and PFOS based on Nguyen 
et al. (2020) for soils with a near-neutral pH.  

Compound low middle high 

PFOA 1.80 2.30 2.80 
PFOS 2.70 3.10 3.50  
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were used: concentration-depth profiles, water content-depth profiles, 
cumulative solute flux profiles and mass balance information. 

Results 

Soil characteristics 

The grain-size analyses indicate that the sand soil profiles 1-3 contain 
medium sand with median values of 300-400 µm along the entire depth. 
Seventeen shallow samples contain 1.3-6.1% clay and 3.0-13.6% silt; 
fourteen deeper samples did not contain clay and silt. The results of the 
TGA indicate that Sand 1 and Sand 2 have 4-6% OM down to 30-40 cm- 
bs, about 1-2% in the next depth range to 50-80 cm-bs and less than 
0.4% further down. Sand 3 is somewhat different with an OM content 
decreasing from 4 to 1% with depth to 70 cm-bs and less than 0.4% at 
100 cm and deeper. For these sand soils, TGA indicates that the mass loss 
in the range 450-1000◦C is small with values between 0.2 and 0.6% and 
no peaks. Here, three Sand 2 samples from 40-80 cm-bs are exceptions 
with TGA peaks of 0.2 - 0.3% between 600 and 700◦C, which may be 
attributed to Ca carbonate. For the rest, the fractions of carbonate and 
clay minerals in the samples are very small. The fourth soil sampled 

Table 4 
Estimated atmospheric emission history of PFOA from the factory as based on 
Zeilmaker et al. (2016) and Koch et al. (2017) and the proportional concentra
tion in the precipitation.  

Period Average emission (in kg/ 
year) 

Relative concentration in 
precipitation 

1970- 
1985 

2500 5X 

1985- 
1998 

5000 10X 

1998- 
2003 

2500 5X 

2003- 
2012 

500 X  

Fig. 2. Modelled versus observed depth plots of PFOA content for the four sampled soils.  
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contains about 20% OM at 10 and 30 cm-bs and about 60-75% OM at 
larger depths. The upper two samples consist of loam and silty loam 
having a median grain size of 37 and 19 µm; peat is present below. The 
TGA weight loss in the range 450-550◦C is also higher with 3.18 - 5.03% 
for the peat samples and 1.5% for the two silt samples. However, no 
correlation with the weight loss at 110-450◦C is indicated. The OC 
content according to the CS elemental analyser shows similar patterns as 
the OM content (except one low outlier at 90 cm-bs in Peat that showed 
15% OC versus 62% OM). Linear regression based on all samples except 
the outlier sample indicates that the OM to OC ratio lies around 1.62 
(where R2 was 0.994). 

PFAS contamination 

The results of the analysis of all 18 PFAS compounds are provided in 
the Supporting Information. For PFOA and PFOS the results are plotted 
in Figs. 2 and 3, respectively. PFOA and PFOS were generally the PFAS 
compounds that were present in the highest contents in the topsoils. 
Other perfluorocarboxylic acids, outside of the scope of this study, were 
detected in lower contents (Supporting Information), with the exception 
of perfluorobutanoic acid (PFBA) in the topsoil of Sand 3 (Supporting 

Information). 
For the sand soils, peak values of PFOA of 2.43 – 4.2 µg/kg are found 

several tens of centimeters below the surface (Fig. 2). A sorption front is 
observed below to appr. 100 cm-bs and low to intermediate concen
trations are found down to the end of the soil profile sampled. The peak 
values lie above the national background value of 1.9 µg/kg, likely as 
result of the closeness of the sampling locations to the factory. The peak 
values at depth and continuous presence down to several meters depth 
indicate that PFOA is mobile in these soils and the highest atmospheric 
deposition has passed. PFOS shows different patterns in the sand soils, 
with highest content in the shallowest samples for Sand 1 and 3 and at 
20 cm-bs for Sand 2, lower maximum contents of 0.64 – 1.1 µg/kg and 
values below detection limit deeper than 50 – 80 cm-bs (Fig. 3). The 
maximum contents lie below the national background value of 1.4 µg/ 
kg. 

The PFOA and PFOS contents are notably different for Peat with 
highest contents of 27 and 6.8 µg/kg, respectively, in the shallowest 
sample (Fig. 2). The contents drop strongly within a meter to values 
below detection limit for both compounds. The PFAS contents at shallow 
depth lie far above the national background values. 

The depth-integrated amounts present were calculated for both 

Fig. 3. Modelled versus observed depth plots of PFOS content for the four sampled soils.  

T. Gerardu et al.                                                                                                                                                                                                                                



Environmental Advances 11 (2023) 100332

8

compounds at the four sites by integrating the contents across the depth 
(Table 5). The sites Sand 1 and Peat are adjacent to each other and show 
almost identical amounts. Both contents at Sand 2 are somewhat higher 
than these values whereas they are somewhat lower at Sand 3. The 
lowest amounts at Sand 3 are explained by the larger distance and 
stronger deviation from the dominant wind direction in the Netherlands, 
which is towards northeastern. The PFOA to PFOS ratios also vary 
somewhat among the soils sampled where the ratio is lowest at Sand 3 
which is farthest away from the factory and highest at Sand 2 which lies 
most in the prominent wind direction from the factory. This may suggest 
that the influence of the factory is more clearly expressed at Sand 2, 
while other sources of PFAS play a larger role for Sand 3. 

Transport modelling 

The model results in terms of concentration-depths plots for the year 
2020 are presented in Figs. 2 and 3 for the three different Koc values as 
well as the best fit. The following observations are made for PFOA: 1. the 
depths of the highest content (“peaks”) can be well reproduced for Sand 
2 and 3, slightly less for Sand 1, and also for Peat with high Koc. 2. For the 
sand soils, the scenario based on low Koc strongly underestimates the 
contents, the scenario with middle Koc value closely matches the profiles 
of Sand 1 and 2, this value underestimates the profile of Sand 3 while the 
high Koc is too high. 3. The decrease in PFOA under the peak value tends 
to be sharper in the model for the optimum fits than in reality especially 
for Sand 3 and Peat. 4. PFOA contents of 0.5 µg/kg or higher below 100 
cm-bs are not described by the model. 

For PFOS, the following is noted: 1. literature values of Koc are higher 
for PFOS than for PFOA, so the sorption affinity is higher. Indeed, the 
maximum contents are at shallower depth for the sand soils for both the 
observations and the model results. 2. The model scenarios based on 
middle and high Koc values overestimate the sorption at shallow depth in 
the three sand soils. The observed profiles are closer to the modelled 
ones with low Koc. The best fits have Koc values close to the low values 
and can reproduce the reaction fronts below the maximum contents 
well. 3. The sampling density of the peat soil was too low at shallow 
depth for a meaningful comparison of the models and the observations. 
The model scenario based on middle or low Koc value matches closer 
than that based on the high Koc value. 

Table 6 summarizes the log Koc values for the best fits. The optimum 
value for PFOS in Sand 2 is low compared to the likely range (cf. 
Table 3). The other values lie within 1 standard deviation from the 
mean. For Peat, one should note that this soil contains two different 
horizons: an upper mineralogical horizon with OM associated with it 
and an organic horizon below. The assumption of a single Koc for both 
horizons is a gross simplification but no attempt was made to optimise 
the modelling. The three sand soils have a similar geological setting and 
the difference in log Koc is about 0.3 for both PFOA and PFOS, which 

means that the sorption intensity varies a factor of 2 among the three 
soils. Additional data fitting is of little interest. 

The best fit values were used to investigate the expected propagation 
of the PFAS contamination through the soils over time, by extending the 
model calculations another 50 years until 2070. The result is expressed 
as the ratio between the modelled mass present in a soil profile as a 
function of time divided by the total mass deposited in 1970-2012 
(which was set equal to the depth-integrated amount present in 2020; 
cf. Table 5). Fig. 4 presents the results for PFOA and PFOS. The curves 
for the three sand soils are very similar due to small differences in Kd. 
The result for PFOA suggests that some mass has already leached out of 
the sand soils in 2020, which would imply that the depth-integrated 
amount present does not exactly match the modelled amount present. 
We did not correct for this to avoid over-fitting. The total mass present 
gradually declines and 10-20% is still left in the soil at 2070. The situ
ation is entirely different for Peat where all mass remains within the soil 
until to 2070. This also holds for PFOS. However, the retention of PFOS 
is stronger than of PFOA due to the higher Koc so almost no mass was 
leached from the sand soil in 2020 and more than 50% is still present in 
these soils in 2070. This illustrates how a single, historical PFAS 
contamination becomes split in time into a PFOA groundwater 
contamination and a PFOS soil contamination. 

Discussion 

Soil contamination and historical PFAS deposition 

PFOA 
The PFOA contents are clearly higher than the PFOS contents in the 

measured profiles, consistent with PFOA being the dominant PFAS 
component in the historical emissions from the factory (Koch et al., 
2017; Zeilmaker et al., 2016; Expertisecentrum PFAS, 2018c). The 
amounts of both PFOA and PFOS present are similar for adjacent Sand 1 
and Peat (Table 5), confirming the assumption that these soils have been 
exposed to a similar atmospheric deposition. The maximum PFOA 
contents in the sand soils lie above the national background value of 1.9 
µg/kg whereas those of PFOS lie below the national background value of 
1.4 µg/kg. The absence of other nearby sources is a strong indication 
that the sampled sites were subject to additional atmospheric deposition 
of PFOA from the nearby factory. The contents in the top of Peat are 
considerably higher due to a much stronger retardation. 

The maximum PFOA contents were found at depths of 20-50 cm 
below ground level in the three sand soils. Since we sampled undis
turbed soils, these maxima must be the result of the slow transport of 
PFOA downward in these soils. The observation that peak contents are 
found at some depth below surface is also a direct indication that 
deposition of PFOA has become less or stopped, consistent with the 
phasing out of the use of PFOA at the factory in 2012. PFOA has been 
transported downward in the soil since that time, reducing the PFOA 
content at the surface. The OM/OC content in the sand soils is the 
highest in the top layer and decreases with increasing depth. So the 
sorption capacity for PFAS is also highest in the top layer because the 
sand soils are rather unreactive at larger depths. The samples were taken 
in October 2020, 8 years after the phasing out. It also implies that the 
transport rate of PFAS will be higher at larger depths. 

The HYDRUS simulations support these findings as the model results 
show generally adequate simulated depth profiles based on general 
parameters combined with Koc as fitted parameter that falls in the 
literature range (most notably Nguyen et al., 2020). The modelled 
maximum contents coincide with the measured ones so the downward 
transport of PFOA can be well captured. Upon result, the combination of 
measurements and simulations allowed us to establish a plausible 
reconstruction of soil transport of PFOA due to the historical emission 
from the factory and related atmospheric deposition. Here, limited data 
was available on the emission history from the factory in the initial 
period 1970-1990, so the emission based concentration scenario in the 

Table 5 
Depth-integrated amounts of PFAS present in the four soils sampled with the 
distance (rounded to whole kilometres) and compass direction from the fluo
ropolymers factory.  

Location Distance to 
factory (km) 

Compass 
direction 

PFOA 
(µg/m2) 

PFOS 
(µg/m2) 

PFOA to 
PFOS ratio 

Sand 1 8 N 4454 749 5.9 
Sand 2 9 NNE 6486 967 6.7 
Sand 3 16 ENE 2523 492 5.1 
Peat 8 N 4542 728 6.2  

Table 6 
Log Koc values for the best fits to the individual content-depths profiles.  

Compound Sand 1 Sand 2 Sand 3 Peat 

PFOA 2.38 2.34 2.62 2.76 
PFOS 2.71 2.55 2.86 3.14  
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period 1970-1990 is subject to uncertainty. It seems that the temporal 
variation in emission and associated deposition becomes averaged in the 
soil profiles with effects of heterogeneity in soil properties, and sampling 
and analytical accuracies. 

PFOS 
In the soils, the highest PFOS contents were found in the first or 

second sample from the surface. The shallower peak content is explained 
by the fact that PFOS adsorbs stronger to organic matter, hence the 
shallow penetration depth of PFOS. The depth profiles of PFOS could be 
well modelled for the sand soils, where Koc was fitted and the atmo
spheric deposition history from the factory was assumed. However, it is 
impossible that for the PFOS contamination levels observed PFOS 
originates from the factory in the same way as PFOA does. Another 
major source having a comparable release history must have been pre
sent. In first instance, one may assume waste incinerators as source for 
diffuse contamination of PFOS and also other PFAS compounds, 
including PFOA. The total amount of waste incinerated has increased in 
the Netherlands from 325 kton in 1970 via 2270 kton in 1980, 2845 kton 
in 1990 to ~ 8000 kton/y since 2014 (CLO, 2021). The oldest and 
biggest incinerator is situated in Rotterdam harbour area (capacity 1300 
kton/y in 2016), operational since 1973 (Rijkswaterstaat, 2017b) and 
40-55 km away to the west from the sampled sites. Another incinerator 
is in Moerdijk, operational since 1982 (capacity 1200 kton/y) and 30-36 
km away in soutwestern direction. A third smaller one (396 kton/y) is in 
Dordrecht near the PFAS factory, also operational since 1973 and 10-18 
km away in southern to southwestern direction. 

Since 1993, it is demanded in the Netherlands that the temperature 
in the incinerator is at least 850◦C (Besluit Luchtemissies Afvalver
branding, 1993). Nowadays, the temperature is commonly ~1000◦C 
and scrubbers are used to remove gaseous HF from the flue gases 
together with HCl and SO2. Both PFOS and PFOA can be broken down 
with incineration where operating temperatures around 1000◦C are 
found as optimal for PFAS destruction (Stoiber et al., 2020). Khan et al. 
(2020) computed that the PFOS half-life is less than 1 s during thermal 
decomposition above 750◦C. Despite this, PFOS and also PFOA and 
other PFAS were observed in fly ashes and bottom ashes produced from 
the incineration of municipal solid waste where the operating temper
ature was not specified (Liu et al., 2021). Solo-Gabriele et al. (2020) 
observed an inverse relationship between total PFAS remaining in ash 
leachates and the incineration temperature between 800 and 950◦C. 
This indicates that it is not self-evident that PFAS become completely 
decomposed in waste incinerators. It thus seems that Dutch waste in
cinerators can be a (historical) source for diffuse contamination of soils 
with PFOS (and other PFAS including PFOA) because these incinerators 
were not operating at sufficiently high temperature in the past and/or 

the time was too short for complete thermal decomposition. The latter 
may be partly due to the fact that the high temperature is not reached 
throughout the oven of the waste incinerator. The existence of “cold 
spots” in the oven is evidenced by the presence of considerable amounts 
of unburnt natural organic matter in the ashes (Meima et al., 1999; 
Ferrari et al., 2002; Van Zomeren et al., 2004, 2009). 

PFAS retention mechanisms 

The results from the HYDRUS simulations show that meaningful 
depth profiles for PFOA and PFAS can be obtained for the sand soils 
using default parameters for the soil properties where linear sorption is 
the only retention process. A simple, classical model concept was thus 
sufficient to model transport of PFAS in these soils under annually 
averaged infiltration conditions. For the soil contents observed for PFOA 
and the best-fit Koc values, the pore water concentrations of PFOA are 
300 - 400 ng/L at most (or 0.75 - 1 nmol/L) which is far below the 
solubility of PFOA in water being 9500 mg/L (EPA, 2017). The same 
holds for PFOS for which the solubility is 680 mg/L. It is inevitable that 
partitioning to soil organic matter and adsorption at the AWI play 
important roles as retention mechanisms in the sand soils. The distri
bution coefficients employed take into account both and not only par
titioning to soil organic matter although they were based on Koc values. 
This was allowed by the linear nature of AWI adsorption at the low PFAS 
concentrations and the steady-state conditions assumed for the soil 
physics. 

Metal oxides and clay minerals may play a role in sorption of PFAS 
(e.g. Li et al. 2018, Campos-Pereira et al. 2020). Their specific binding 
capacity is lower than for soil organic carbon. Wang et al. (2021) 
established for PFOS specific distribution coefficients of 568, 19 and 7 
cm3/g for organic carbon, clay+silt and metal oxides, respectively. 
Values of 3.47 for PFOS and 1.66 for PFOA can be deduced from Fab
regat-Palau et al. (2021) for the specific distribution coefficient of 
clay+silt. Combining the soil characteristics and these values, it is 
justified to assume that sorption to organic matter is dominant in the 
upper part of our sand soils (cf. Higgins and Luthy 2006, Milinovic et al. 
2015). The organic matter content is below 0.4% in the part below 0.5-1 
m depth of these soils while the clay and silt contents are negligible. The 
bleached color of the deeper sediment indicates lack of oxides. The 
sorption coefficient of this stretch is thus very low and might still be 
controlled by organic matter. We also selected these soils on purpose for 
their low reactivity in order to reconstruct the deposition history of 
PFAS in the investigated area. Adsorption at the AWI is likely the most 
important retention mechanism in this stretch. 

Sorption in the peat soil was also modelled using the same Koc 
concept. However, this is probably a simplification as pH-dependent 

Fig. 4. Propagation of the total mass of PFAS deposited through the soils in time.  
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sorption to humic and fulvic acids in combination with effects of cations 
present is likely, in addition to hydrophobic sorption to humin (Campos 
Pereira et al., 2018). This holds more for PFOA than for PFOS. The 
clastic component majorly consists of clay and silt which possess 
retention capacity too. Note that accurate modelling of PFAS transport 
in this soil lies beyond the scope of this manuscript. The peat soil was 
primarily sampled to investigate whether similar total amounts were 
observed as in the adjacent sand soil, which indeed was true. 

Conclusions 

For the first time, detailed concentration-depth profiles of PFOA and 
PFOS were measured in undisturbed soils s downwind from a fluo
ropolymer factory that emitted PFOA. Three sand soils show similar 
patterns with maximum contents several tens of centimeters below the 
surface, prominent sorption in the top soil and low contents in the 
vadose zone down to several meters. This confirms the hypothesis that 
the vertical variation of PFOA content in undisturbed sand soils in the 
common downwind direction from the factory reflects the historical 
atmospheric deposition of PFOA from that factory. An adjacent peat-rich 
soil contained the same depth-integrated amount but considerably 
higher contents at shallower depth and less downward penetration. This 
illustrates large differences in retention causing highly variable PFOA 
soil contents while the contamination source is identical. The peak 
values at depth and continuous presence down to several meters depth 
indicate that PFOA is mobile in these soils and the highest atmospheric 
deposition has passed. 

Less PFOS is detected in the soils and PFOS has not migrated as deep 
as PFOA. The shallower infiltration depths of PFOS confirm its stronger 
sorption. The different ratios of the total amount of PFOA to that of PFOS 
suggest another, major source for PFOS aside from the PFAS factory. 
Possibly, the diffuse PFOS contamination originates from waste in
cinerators where two large ones have been present in the most common 
upwind direction from the sites studied. Additional research is needed to 
confirm or falsify this explanation. 

The depth profiles in the sand soils can be adequately modelled with 
linear retention using a plausible value for the normalised organic car
bon to water partition coefficient distribution coefficient, the most 
plausible explanation for the deposition history and standard properties 
of the soil matrix. Actually, the linear retention observed will also 
include adsorption at the air-water interface under low PFAS concen
trations, while additional physico-chemical processes may be neglected 
under the conditions found. Based on the best-fit model scenarios, PFAS 
contents are projected to decrease in the topsoil as a result of gradual 
transport to groundwater on a time scale of decades. Supported by 
measurements and modelling, this study illustrates that PFOA, and to a 
lesser extent PFOS, should not be treated as immobile contaminants in 
topsoil as is currently the case in Dutch soil policy, but rather as mobile 
contaminants of which the legacy amounts in soil will pollute ground
water for many decades. 
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